Introduction
Selective androgen receptor modulators (SARMs) are a class of androgen receptor ligands that bind androgen receptor and display tissue-selective activation of androgenic signaling [1, 2 ] . The initial efforts to develop steroidal SARMs, based on modifications of the testosterone molecule, date back to the 1940s. The modern era of nonsteroidal SARMs was unleashed by independent work at Ligand Pharmaceuticals [3] [4] [5] [6] and the University of Tennessee [7, 8] . The scientists at Ligand Pharmaceuticals were the first to develop a series of cyclic quinolinones that had anabolic activity on the skeletal muscle and some degree of tissue selectivity [3, 4, [9] [10] [11] [12] [13] . The discovery by Dalton and Miller that aryl propionamides with structural similarities to bicalutamide and hydroxyflutamide could activate AR-dependent transcriptional activity provided the early lead for the development of diaryl propionamide class of SARMs [7, 8] . The decade since these early efforts has witnessed the emergence of a large number of nonsteroidal SARMs from virtually all the major pharmaceutical companies [2 ] . The review will focus on the rationale for SARM development, the molecular basis of androgen action, the mechanistic basis of tissue selectivity, and potential clinical applications for SARMs.
Rationale
Testosterone, the major ligand for androgen receptor, subserves a variety of physiologic functions in humans [14] : it is essential for maintaining sexual function, germ cell development, and accessory sex organs. Testosterone also affects the skeletal muscle, fat, bone, hematopoeisis, coagulation, lipid, protein, and carbohydrate metabolism, and psychosexual and cognitive behaviors. Although androgen deficiency in adult men is the most prevalent disorder of AR signaling [15] , the major impetus for SARM development has come from the potential anabolic effects of these compounds on the skeletal muscle and bone.
As men and women grow old, they lose skeletal muscle mass, strength and power [16] [17] [18] [19] [20] , mostly due to the preferential loss of type 2 muscle fibers [21] . Age-associated loss of muscle mass and strength increases the risk of falls, fractures, mobility limitation, physical disability and poor quality of life [19, 22] . Functional decline and dependence in older individuals place a large burden on healthcare services and costs. In spite of the high prevalence of functional limitations and disability among older individuals, the practicing geriatricians have few therapeutic choices for the treatment of older individuals with functional limitations and physical disability. Similarly, the course of many chronic illnesses, such as chronic obstructive lung disease, end stage renal disease, congestive heart failure, and some types of cancer, is punctuated by loss of muscle mass and physical functional limitations, which contribute independently to symptoms, mobility limitation, and disability. Thus, there is an enormous unmet need for function promoting anabolic therapies that can improve physical function and reduce the burden of disability. Among the various candidate function promoting anabolic therapies that are in development, SARMs are the farthest along the developmental course.
Testosterone supplementation increases skeletal muscle mass and maximal voluntary strength in healthy, androgen-deficient [23] [24] [25] [26] and eugonadal young [27, 28] and older men [29] , and in men with many chronic disorders [30, 31] . The anabolic effects of testosterone on skeletal muscle mass and strength are related to testosterone dose and its circulating concentrations [28, 29, 32, 33] . Thus, the potential to achieve skeletal muscle remodeling and gains in skeletal muscle mass and strength with androgen supplementation is substantial. However, administration of supraphysiologic doses of androgens is associated with high frequency of dose-limiting adverse effects, such as erythrocytosis, leg edema, and prostate events [29, 34] . Therefore, therapeutic agents such as SARMs that can achieve anabolic effects on the skeletal muscle and bone without the dose-limiting adverse effects associated with testosterone would be attractive as function promoting anabolic therapies [1, 2 ,6] . The recognition of these potential opportunities for the development of novel therapies for functional limitations and disability associated with chronic disorders and aging, and osteoporosis has driven the pharmaceutical efforts to develop SARMs.
Achieving tissue selectivity
Two general approaches have historically been used to achieve tissue selectivity of androgen action. The first approach is to develop SARMs with the desired activity profile and tissue selectivity. The second approach is to elucidate the mechanisms of androgen action on the skeletal muscle and the prostate and to identify signaling molecules that are downstream of androgen receptor and which activate pathways involved in skeletal muscle hypertrophy, but not the prostate.
Selective androgen receptor modulators: structure activity relationships Structurally, SARMs can be categorized into steroidal and nonsteroidal SARMs. The steroidal SARMs are formed by modifying the chemical structure of testosterone molecule (Fig. 1) .
It was recognized in the 1940s that 17-alpha alkyl substitution retards the presystemic metabolism of testosterone, extending its half-life and making it orally active. Thus, a number of oral androgens, such as 17-alpha-methyl testosterone, have 17-alpha-alkyl substitution. However, orally administered, 17-alpha alkylated androgens are potentially hepatotoxic and markedly lower plasma HDL cholesterol.
Removal of the 19-methyl group increases the anabolic activity of testosterone (Fig. 1) . Thus, 19-nortestosterone has formed the basis of the nandrolone series of molecules. Nandrolone is reduced by 5-a reductase in target tissues to a less potent androgen, dihydronandrolone, but it is less susceptible to aromatization to an estrogen. 7-alpha alkyl substitutions make testosterone less susceptible to 5-alpha reduction and increase its tissue selectivity with respect to the prostate. Thus, 7-alpha methyl, 19-nortestosterone has anabolic activity in the levator ani assay, but has lower level of prostate effects. Other molecules in this series with varying alkyl groups have been investigated for their anabolic activity.
Testosterone is cleared rapidly from circulation and has a short half-life. Esterification of the 17-b hydroxyl group makes the molecule more hydrophobic; the longer the ester side chain, the greater the hydrophobicity. When 17-b hydroxyl esters of testosterone are injected in an oily suspension intramuscularly, they are released slowly from the oil depot into circulation. The slow release of 17-b hydroxyl esters from the oil depot extends their duration of action. However, de-esterification of testosterone esters is not rate limiting; the half-life of testosterone enanthate in plasma is not significantly different from that of nonesterified testosterone. Similarly, esterification of nandrolone to form nandrolone decanoate increases its half-life.
Oxandrolone is an oral androgen derived from DHT that has a 17-alpha methyl substituent. The substitution of the second carbon with oxygen increases the stability of the 3-keto groups and increases its anabolic activity. It does not undergo aromatization to an estrogen.
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Nonsteroidal selective androgen receptor modulators
Pioneering efforts by scientists at Ligand Pharmaceuticals and the University of Tennessee provided the early foundations of the nonsteroidal SARM discovery. Since then, a number of structural categories of SARM pharmacophores have been explored: aryl-propionamide (GTX,Inc.), bicyclic hydantoin (BMS), quinolinones (Ligand Pharmaceuticals), tetrahydroquinoline analogs (Kaken Pharmaceuticals, Inc.), benizimidazole, imidazolopyrazole, indole, and pyrazoline derivaties (Johnson and Johnson, Exton, Pennsylvania, USA), azasteroidal derivatives (Merck), and aniline, diaryl aniline, and bezoxazepinones derivatives (GSK) (Fig. 2 ). As only a fraction of the discovery research has been published, it is likely that additional structural categories exist. A recent review by Narayanan et al. [2 ] provides an excellent treatise of the SARM structures.
Structural modifications of aryl propionamide analogs bicalutamide and hydroxyflutamide led to the discovery of the first generation of SARMs. Compounds S1 and S4 in this series bind AR with high affinity, and demonstrate tissue selectivity in the Hershberger assay that utilizes castrated rat model [35] [36] [37] . In this castrated rat model, both S1 and S4 prevented castration induced atrophy of levator ani muscle, and acted as weak agonists in the prostate [35, 37, 38] . At a dose of 3 mg/kg/day, S4 partially restored the prostate weight to less than 20% of intact, but fully restored the levator ani weight, skeletal muscle strength, bone mineral density, bone strength, and lean body mass, and suppressed luteinizing hormone (LH) and follicle stimulating hormone (FSH) [39, 40] . S4 also prevented ovariectomy-induced bone loss in the female rat model of osteoporosis [41] . The ability of SARMs to promote both muscle strength and bone mechanical strength constitutes a unique advantage over other therapies for osteoporosis that only increase bone density. S1 and S4 are partial agonists; thus, in intact male rats [37] , S1 and S4 compete with endogenous androgens and act, as antagonists in prostate, such SARMs with antagonistic or low intrinsic activity in prostate might be useful in the treatment of BPH or prostate cancer. The suppressive effects of this class of SARMs on gonadotropin secretion in rats suggest potential application for male contraception [37] .
The ether linkage and B-ring para-position substitution are critical for agonist activity of aryl propionamide SARMs [35] . On the basis of crystal structures, compounds with ether linkage appear to adapt a more compact conformation than bicalutamide due to formation of an intramolecular H bond, allowing the B-ring to avoid steric conflict with the side chain of W741 in AR, and potentially explaining the agonist activity [42 ] .
The hydantoin derivatives, developed by the BMS group [43] , have an A-ring structure that is similar to that of bicalutamide. The cyano or nitro group of these molecules interacts with Q711 and R752 [44, 45] . The benzene ring or the naphthyl group, together with the hydantoin ring, overlaps the steroid plane, whereas the hydantoin ring nitrogen forms H bond with N705. BMS-564929 binds AR with high affinity and high specificity. BMS-564929 demonstrated anabolic activity in the levator ani muscle, and high degree of tissue selectivity as indicated by a substantially higher ED50 for the prostate. Hydantoin derivatives are potent suppressors of LH. BMS-564929 is orally available in humans, with half-life of 8-14 h. The prolonged half-life of these ligands in rats may explain the lower dose needed to achieve pharmacological effects; differences in in-vivo activities of SARMs that share similar binding affinity and in-vitro activity may be related to the differences in pharmacokinetics and drug exposure [46] .
Hanada et al. [47] at Kaken Pharmaceutical Co. reported a series of tetrahydroquinoline derivatives as AR agonists for bone. Although these compounds displayed high AR affinity and strong agonist activity in prostate and levator ani, they demonstrated little selectivity between androgenic and anabolic tissues [47] . Significant in-vivo pharmacological activity was only observed at high subcutaneous doses [2 ,47] .
Ligand compounds LGD2226 and LGD 2941 that are bicyclic 6-anilino quinolinone derivatives have shown anabolic activity on the levator muscle as well as bone mass and strength, whereas having little effect on prostate size in a preclinical rodent model [5, 12, 13] .
LGD2226 was also shown to maintain male reproductive behavior in the castrated rodent model [5] .
The scientists at Johnson and Johnson replaced the propionamide linker with cyclic elements such as pyrazoles, benzimidazoles, indoles, and cyclic propionanilide mimetics [48] . Merck scientists have developed a number of 4-azasteroidal derivatives and butanamides [2 ] . Additional compounds have been developed by other pharmaceutical companies, but a detailed discussion of each compound is beyond the scope of this chapter.
Mechanisms of selective androgen receptor modulators tissue selectivity
Narayanan et al. [49 ] compared the pathways activated by an aryl propionamide SARM, S-22, with those activated by DHT and found that the S-22 and DHT activated several distinct signaling pathways. S-22 and DHT differed significantly in the recruitment of AR and its coregulators to PSA enhancer. S-22 also differed from DHT in its induction of rapid phosphorylation of several kinases [49 ] . However, the mechanisms that contribute to tissue-specific transcriptional activation and selectivity of biologic effects of SARMs remain poorly understood. Three general hypotheses have been proposed, although these hypotheses are not mutually exclusive. The coactivator hypothesis assumes that the repertoire of coregulator proteins that associates with the SARM-bound AR differs from that associated with testosterone-bound AR leading to transcriptional activation of a differentially regulated set of genes.
The conformational hypothesis states that functional differences in ligand classes (agonist, antagonist and SARMs) are reflected into conformationally distinct states with distinct thermodynamic partitioning. Ligand binding induces specific conformational changes in the ligand binding domain, which could modulate surface topology and subsequent protein-protein interactions between AR and other coregulators involved in genomic transcriptional activation or cytosolic proteins involved in nongenomic signaling. Differences in ligand-specific receptor conformation and protein-protein interactions could result in tissue-specific gene regulation, due to potential changes in interactions with ARE, coregulators or transcription factors. Ligand-induced protein-protein interactions contribute to interactions between the amino and carboxyl terminal ends of the AR (i.e., N/C interaction) and coactivator recruitment [50] . Both interactions are mediated by the interaction between the AF2 region of AR and the FXXLF or LXXLL binding motifs [51] . The hydrophobic groove present in the AF2 region of AR LBD appears to be more favorable for phenylalanine binding, which suggests that the N/C interaction is preferred. Although nonsteroidal SARMbound AR-LBD conformation has not been well characterized, Sathya et al. [52] reported that some steroidal SARMs that have agonist activity in vitro induce an activating conformational change without facilitating N/C interactions. These data suggest that ligand-specific conformational change is achievable with synthetic ligands.
Bohl et al. [42 ] reported that bicalutamide adapts a greatly bent conformation in the AR. Although A-ring and amide bond of the bicalutamide molecule overlaps with the steroidal plane, the B-ring of bicalutamide folds away from the plane, pointing to the top of the ligand binding pocket (LBP), which forms a unique structural feature of this class of ligands [42 ] . The A-ring cyano group forms H bonds with Q711 and R752, similar to the 3-keto group in 5a-DHT [42 ] . The chiral hydroxyl group forms H bonds with L704 and N705, mimicking ring C and the 17b-OH group in 5a-DHT [42 ] . These H bonding interactions are critical for high binding affinity. Slight structural modifications can change the ligand from AR antagonist to agonist. Favorable hydrogen bonding between ligand and the T877 side chain, structural features that mimic the 3-keto group of testosterone, and hydrophobic interactions are critical for the ligand to bind with high affinity and stimulate AR action. X-ray crystal structure of S-1 bound AR revealed that W741 side chain is displaced by the B-ring to expand the binding pocket so that the compound orients towards the AF2 region [53] . The protein fold of the SARM-bound AR is the same for steroidal and nonsteroidal SARMs [53] . It remains unclear how ligand-receptor interaction determines the agonist or antagonist activity of the ligand.
The tissue selectivity of SARMs could also be related to differences in their tissue distribution, potential interactions with 5a-reductase or CYP19 aromatase, or tissue-specific expression of coregulators [54] . However, autoradiography studies with bicalutamide and hydantoin derivatives [55] showed that they do not preferentially accumulate in anabolic tissues. Testosterone actions in some androgenic tissues are amplified by its conversion to 5a-DHT [56] ; nonsteroidal SARMs do not serve as substrates for 5a-reductase. Tissue selectivity of SARMs might be related to tissue-specific expression of coregulatory proteins. Similarly, some differences of the actions of SARM from testosterone could be related to the inability of nonsteroidal SARMs to undergo aromatization.
Preclinical and early clinical trials experience with the first generation selective androgen receptor modulators
A large number of candidate SARMs have undergone preclinical proof-of-concept and toxicology studies and have made it into phase I and II clinical trials [1, 2 ] . Preclinical studies have revealed promising tissue selectivity; however, as much of these data generated by pharmaceutical companies has remained unpublished, comparisons of relative potency and tissue selectivity among different SARMs are difficult to substantiate.
A number of first generation SARMs are now in phase I trials. These compounds are being positioned for early efficacy trials for osteoporosis, frailty, cancer cachexia, and aging-associated functional limitations. Also, SARMs that potently inhibit gonadotropins, but spare the prostate, would be attractive as candidates for male contraception. The use of SARMs for the treatment of androgen deficiency syndromes in men has been proposed; the relative advantages of SARMs over testosterone for this indication are not readily apparent. Many biological functions of testosterone, especially its effects on libido and behavior, bone, and plasma lipids require its aromatization to estrogen; because the currently available SARMs are neither aromatized nor 5-alpha reduced, these compounds would face an uphill regulatory bar for approval as they would be required to show efficacy and safety in many more domains of androgen action than has been required of testosterone formulations.
At the doses that have been tested, the first generation SARMs induce modest gains in lean body mass in healthy volunteers, which are nowhere near the much greater gains in skeletal muscle mass reported with supraphysiological doses of testosterone. The modest gains of 1.0-1.5 kg in fat-free mass with first generation SARMs over 4-6 weeks should be contrasted with the 5-7 kg gains in fat-free mass with 300 and 600 mg doses of testosterone enanthate. However, it is possible that next generation of SARM molecules will have greater potency and selectivity than the first generation SARMs.
Achieving selectivity by elucidating mechanisms of action
Another approach for achieving selectivity of action is to elucidate the mechanisms of testosterone's action on the prostate and identify downstream molecules associated with activation of AR signaling in the skeletal muscle, but not the prostate. Through an understanding of these mechanisms, it may be possible to identify candidate molecules that target specific aspects of the AR signaling cascade.
Analyses of muscle biopsies from men treated with graded doses of testosterone have revealed that testosterone administration induces hypertrophy of both type I and type II muscle fibers [57, 58] ; Changes in cross-sectional areas of both type I and II fibers are related to testosterone dose, and with total and free testosterone concentrations [57] . However, neither the absolute number nor the relative proportion of type I and Ii fibers changes during testosterone administration.
As muscle satellite cells have been implicated in skeletal muscle hypertrophy and increase in myonuclear number [59] , we quantitated satellite cell and myonuclear number by electron microscopy, using direct counting and spatial orientation methods in biopsies of vastus lateralis obtained at baseline and after 20-weeks of treatment with a GnRH agonist and graded doses of testosterone enanthate. The absolute and percentage satellite cell number at 20 weeks was significantly greater than baseline in men receiving supraphysiologic doses of testosterone [60] . The change in satellite cell number correlated with changes in total and free testosterone levels [60] . Hence, testosterone-induced muscle fiber hypertrophy is associated with an increase in satellite cell and myonuclear number.
Testosterone and DHT promote the differentiation of multipotent mesenchymal stem cells into myogenic lineage and inhibit their differentiation into adipogenic lineage [61 ,62,63] . Testosterone also inhibits differentiation of preadipocytes into adipocytes [63, 64] . Others have suggested that testosterone-induced hypertrophy is caused by stimulation of protein synthesis and the inhibition of protein degradation [65] [66] [67] [68] .
Testosterone and DHT promote the association of liganded AR with its coactivator, b-catenin; this interaction stabilizes b-catenin, promotes its translocation into the nucleus and association with TCF-4, and transcriptional activation of a number of Wnt-target genes [69 ] . b-catenin plays an essential role in mediating the effects of testosterone on myogenic differentiation. Testosterone upregulates follistatin expression in vivo and in vitro [69 ] ; infusion of recombinant follistatin protein increases muscle mass and decreases fat mass in castrated mice. Testosterone upregulates SMAD 7 and downregulates TGFb-mediated SMAD signaling and TGFb target genes [69 ] . Follistatin inhibits the action of several TGFb family members. These studies support the hypothesis that testosterone effects are cross communicated from Wnt pathway to TGFb-SMAD pathway through follistatin. Thus, it is possible that candidate molecules such as follistatin that are downstream of AR and b-catenin and which mediate testosterone'e effects on the muscle may provide the desired selectivity of anabolic effects. The AR-mediated signaling pathway downstream of b-catenin may be an attractive reservoir of candidate targets for the development of selective anabolic drugs.
Regulatory hurdles to selective androgen receptor modulators development
In phase I and II trials, the first generation SARMs have shown significant reductions in HDL cholesterol and SHBG concentrations, and mild transient elevations of AST and ALT. It is not clear whether transaminase elevations reflect first pass hepatic toxicity typical of orally administered androgens or a class effect on AST gene transcription. Similarly, the suppression of HDL cholesterol might reflect the combined effects of oral route of administration and the lack of aromatization. It is possible that a systemic route of administration -transdermal or intramuscular -might attenuate the potential for transaminase elevation and HDLC reductions.
Although the regulatory pathway for the approval of drugs for osteoporosis has been well delineated because of precedence set by previously approved drugs, the pathway for approval of function promoting anabolic therapies has not been clearly established. Considerable effort is underway to generate a consensus around indications, efficacy outcomes in pivotal trials, and minimal clinically important differences in key efficacy outcomes; these efforts should facilitate efficacy trials of candidate molecules.
Conclusion
SARMs hold considerable promise as a new class of function promoting anabolic therapies for a variety of clinical indications, such as frailty, functional limitations associated with aging and chronic illnesses, cancer cachexia, and osteoporosis. Although the preclinical data look promising, the efficacy trials of SARMs are just beginning. Further research is needed to elucidate the molecular basis of tissue selectivity, and to achieve greater potency and tissue selectivity.
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